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Page 34 

c .  

J ERRATA 

Page  19 

Changc @ t o  @ ' 

Add footnote a s  follows: 5) i s  Spacecraft total yropralo 

cos t  = TPC minus launclr vehicle cos t  minus nlission 

support and S F 0  costs  as shown oil pages 20 and 42. 

Under Section 5a, Nominal STPC, delete tho second 

sentence readirig: "The nominal progranl cost.. . . . . I1 

' Add the following after the l a s t  scnteace: The nominal 

. STPC, defined a s  the sum of 3; and the subtotal of 

Mission Support and Space Flight Operations cost  

shown on page 42, amounted to $874.4 million. 

Pages 28 Change the title to read: P rog ram Cost Sutnmrry 
and 42 Changc M. 0. Equipment to read: M. 0. Training 

P! Add the following footnote: To obtain ...!,, the incrcmcnt 

in systems integration cost,  enter  CER 12A with 
<' cos t  &: and obtxin the increment in cos t  between 

one spacecraft module and the applicable number of 

spacecraft modules. - 

' , 

Page  40 Under Electr ical  Power place an as te r i sk  af ter  Fuel Cell* 

Add footnote below: "Whereas batteries may be r better  . 3. 

engineering choice, fuel cel ls  a r e  shown to illustrate 

the method. 

Page  42 Add $41 9.75 in %.blank 

Change sterilization cost  from $80;20 million to $77.40 
b 

million and change the total to $1,040.43 million 

Page  45 Under utilization of Coat C a t s o r i e s  chango "Fabrlcste 
__L 

and Assemble Flight Hardwarcl' to Z'abricate, 

Assemble and Test  Flight Hardware - 

Add footnote "+ below: Design/Dcvelopment i s  defined as 

Design, Fabricate and Assemble Test  Hardware, and  

Ground Dcvelopix~cnt Testing. 
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Appendix / 

Exhibit 2 8  Changc cost  (dollars pcr  pouhd) to cost  (dollars per 

pound of thrust) . . 
e 

Exhibit 313 Change F i r s t  Unit Cost - Dollars/Pound of Thrust, 10 3 * .  

. to F i r s t  Unit Cost - DolPars/Pound of Unit Weight 

Exhibit 8.6A Change Dollars per V f a t t / ~ ~ o u r  and Output in  ~ a t t l ~ o u r s  

to Dollar? per Watt - Hour and Output in W a t t  - Hours 

Delete learning cutve = 100 % 
: Change Design and Development cost  = 0 to Design and 

~ e S e l o ~ r n e n t  dost = 100 x First Unit Cost 

Under Batteries, delete second and third sentences 

Under Mission Sensors, - change fR spectometer to HR 
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This  document i s  the final report  submitted under JPL Contract 

No. 951 468. The study performed under this contract can best be de- 

s c r l l e d  by listing the major tasks: 

1, Develop a cos t  estimating technique for unmanned space 

exploration missions based on applicable methodology and 

pertinent data  from the Space Planners Guide. United States 

Air Force ,  Air  Force  Systems Command, 1 July 1965. 
7 ,. Describe the cost  categories and estimating relationships 

developed and their  relationship to the various phases of 

a space project. 

3 .  P r ~ v i d e  a preiiminary cost model based on initial efforts, 

1. Demonstrate the use of the estimating technique by applica- 

tion to two mission examples--one past mission, Mariner  

IV, and one future mission, a combined Mars  orbiting and 

landing mission. 

5 .  Per fo rm a sensitivity analysis to determine the importance 

of various cost categories and parameters  In predicting 

project costs: 

a. The cos t  categories shall include, but not necessar i ly  

be limited to, such i tems a s  design, developmenti 

ope rations,  and various subsystems. 

5 .  The pa ramete r s  shall ~nc lude ,  but not necessarily be 

lirnlted to, such i tems a s  periodic launch schedule 

and program changes. 

6. Refine the previously developed cos t  estimating technique 

a s  indicated by  the sensitivity analysis. 
9 

4 .  Demonstrate the appl~catzon of the refined cost estimating 

technique by repeating the mission cost examples prepared 

under i tem 4 above, 

8. P r e p a r e  a finah zeport shoueing: 

a. A c l ea r  definition arid $escriptiow of all costing care- 

gor ies ,  relationships, and techniques developed, 



= v. o. uocumentation to substantiate engineering judsments 

and identify data satirses. 

c .  Wcsults of the r n i ~ s i ~ ~ n  cost applications. 

d.  A discussion oi tht  scope and accuracy oi tlre cos t  

estimating techniques developed. 

This final report  has  been prerared  to satisfy two different de- 

mands. One par t  of this report  i s  de. oted to describing the develop- 

ment of the cos t  model and to d ~ s c u s s i n g  the scope and accuracy of the 

techniques and relationships. Other par t s  of this report  a r e  directed 

toward space sys tem co s t e r  s; consequently, blank standardized forms 

a r e  provided in the Appendix to a s s i s t  the user  in obtaining rapid r c -  

sults for launch vehicle procurement cos ts  and unmanned spacecraf t  

design, development, iabrisation, ground testing, and space f l ight  

operations costs. 



In developing a cost model for unmanned space exploration mis- 

sions, the quantity, quality, and the cost categories used in the avail- 

able data must be considered. There is  no immediate advantage in 

developing a cost model based on an elaborate framework of cost cat- 

egories not used in the past, since this approach can only lead to a 

maximum of judgments and possible e r r o r s  in  distributing costs t o  

new categories, 

The cost model shown in this report i s  based on minimizing the 

number of engineering judgments required to distribute costs to the 

categories chosen. The principal data sources a r e  shown in Table 1. 

An inspection of this table shows that the data sources for this report  

are a combination of past studies, - Planning Research Corporation's 

Data Bank, recent industrial contacts with nine major launch vehicle 

and spacecraft contractors, and an analysis of NASA and JPL cost data 

on five past spacecraft systems. 

Initially in this study effort, the cost categories thcl appeared sig- 

nificant were: launch vehicles, spacecraft, and support systems. These 

.categories were later  expanded to include: 

o Design 

o Manufacture hardware (or purchase) 

o Facilities (burld or rnherit) 

o Ground development testing 

o Space flight operations 

These categories w e r e  then to be supported by appropriate detailed 

coat-estimating relatronships (CER's).  Later in the study it  became ap- 

p r e n t  that  insulficient data w e r e  available to separate design and ground 

development testing into  d i s t h c t  cost categories, and launch vehicle de- 

velopment, a s  well a s  facilities, were recognized to be beyond the scope 

of thiar study. 



TABLE I -. RATA SOURCES 

1 .  'm, Technical Report, Volume II, LMSC -895419. 
June 30, 1965 

2 ,  Launch Vehicle Systems Cost Mcdel 
ical Report, LR 17825, June 15, 1964 

3. - I?lanning Research Corporation 

4. Space Planrrers Guide - 
ommand, July 1 ,  1965 

7.  an Ranger, Lunar Orbiter, Syncom, Surveyor, 
pacecraft - PRC Data File 



This realization posed no p r l i c u f a r  problem since launch vehi- 

cles a r e  usually irrherited development, and facilities a re  either in- 

herited Prom other programs or a re  carried in budgets  separate from 

a p r t i c d a r   pacec craft system. 

In view of these considerations, the foilowing general framework 

for the hand cost model was adopted: 

1, Launch Vehicle (Prrxurement) 

SIrbsystems -------------------------------- CER' s 

Activities such as: ......................... CER' s 

Transportation 

Launch Services 

Acceptance Testing 

Design/Develo?ment and Fir  st Unit Costs 

2. Spacecraft (Design/Development and Fabrication) 

Subsysrems - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -cERts  

Activities such as: 

Systems Integration 

Design/Development and First  Unit Costs 

3, Mission Support and Space Flight Operation 

Program Management 

Sys tems  Engineering and Technical Direction (SETD) 

Sterilization of Entry Capsule 

Mission Pecu l i a r  Equipment at space Flight Operations 
Facility (SFOF) and Tracking Sites 

DSN ( m e r i t e d )  

Space Flight Ope rations 

Post Flight Analysis 

Management Implementation Modes: 

Laboratory Management  

Sy sterns Management 

Advanced D e v e l o q e n t  

Phases A, B, and C 
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A preliminary cost model was prepared early in the study.' This 

approach not only provided an early output for spacecraft systems cost- 

ing, but also served to emphasize the problem areas  in developing an 

m a m e d  spacecraft cost model, 

One difficulty that immediately became apparent was the defining 

of subsystems and distribution of the weights to appropriate cost cate- 

gozies. This problem arises since ciifferent scientific and engineering 

organizations use different names for subsystem hardware development 

tasks. A simple, standardized weight distribution form solved this 

problem and serves to display any judgments required, An example 

is shown in Table IA. 

Other problems were apparent in the preliminary cost model and 

were overcome largely by further definition of the subsystems or by 

addition, deletion, splitting, or combining subsystem categories, Costs 

for transportation, acceptance testing, and propellants were retained 

for launch vehicle but dropped for spacecraft because of their minuscule 

effect. 

I). Final Cost Model 

The final cost model is now presented. The individual items are 

described in  the following subsections: launch vehicle, spacecraft, 

mission sup-port, - space flight operations, and management implementation 

modes and management alternatives in s ~ h e d u l e / ~ r o ~ r a m  changes. 

Subsection E contains a demonstration of the final cost mode! bsit; 

one past and one future space mission. The detailed CER's  a r e  shown 

in this section, 

1. Launch Vehicle 

The launch vehicle cost model is a building block approach 

for estimating the cost of any combination of stages, engines, and either 

LOXIRP-1 or LOX/HL fuel. 
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The l a u c h  vehicles used in planetary exploration have been sys- 

t ems  that we  r e  operational- -having been developed for other programs. 

Hrtvcpever, &ey were  easily adaptable to planetary flights. Future plan- 

etary programs a r e  expected to also use launch vehicles that a r e  avail- 

able rather than developing special launch vehicles for this specific 

program. Consequently, the launch vehicle cost model is based on 

procurement colpts of vehicle stages and engines that a r e  in production. 

Large solid rockets a r e  not considered. 

The cost elements for  each stage a r e  identified separately i n  the 

model. Thus, in any stage, the three hardware items, structure, pro- 

pulsion, and guidance and control, a r e  costed f irst ,  followed by t rans-  

portation, acceptance tests ,  launch services, and propellants. Two of 

these elements, guidance and control and launch services,  a r e  not costs  

which a r e  applicable to each stage separately; they a r e  a single cost  fo r  

each entire launch vehicle, However, the guidance and control is usu- 

ally in the top stage, and in the subsequent demonstration, it  has been 

included a s  a part  of the top stage. To simplify the cost model, the 

launch services were also included in the upper stage. 

A choice of learning curves i s  a lso  provided since the learning 

for various hardware items varies significantly. After selecting an 

appropriate learning curve and the production quantity, a learning fac - 
t o r  is obtained f rom Exhibit LV-8, This learning factor, t imes the 

f i r s t  unit cost, provides the c o s t  of the iterr, under ccmsideration. If 

more  than one of the i tems i s  used per stage, then it i s  necessary to  

make one more  calculation, as shown in Table I l k  Fo r  planning pur- 

*poear ,  the following learning curves may be used: 

Launch vehicle stages 90 percent learning curve 

Liquid engines 90 percent learning curve 

Guidance and control 90 percent learning curve 

Coclt estimating relationships (CER's) were developed for each of 

the elements appearing in the launch vehicle model. The Space Planners 
1 Guide wae used a s  a d e p r t u r e  point since it provided reasonable initis! answers.. 

, USAF Report dated 1 July 1965. 
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However, chis idarmation was updated with recent data from manulac- 

t u r e r s  and various NASA reports.  Discussions with many NASA s f -  

ficials a lso  provided information and an insight into judging the accu- 

racy of the reported data. 

In some cases  an entirely new CER was developed rather than 

ueing the parameters  depicted in past studies. This approach was used 

when the new parameters  appeared to provide a more easily understood 

relationohip. The CER for structures, Exhibit LV- I ,  i s  an example 

where pounds of propellant was previously used a s  the quantifying param- 

e t e r  and cost in dollars a s  the resultant. It i s  believed that dollars-per- 

pound of structure provides a more meaningful comparison of one stage 

structure with another than total cost in  millions of dollars. 

Spacecraft costs  have been categorized largely by the sub- 

systems such as structure, propulsion, navigation and guidance, sta- 

bilization and control, communication, and others. In addition, the 

costs  a r e  further categorized into Design/Development and f i rs t  unit 

costs  for hardware fabrication of test and flight articles. In this report ,  

the cas t  of tes t  and flight hardware is  assumed to be a t  f i r s t  unit cost  

under ten spacecraft, For greater  numbers of spacecraft the learning 

curve factors can  be used. 

The cost of aerospace ground equipment (AGE), tooling, and special 

t es t  equipment a r e  applied against Design/Development support only. In  

a production program involving ten o r  more identical spacecraft, addi- 

tional ACE, tooling and tes t  equipment would be required. 

Systems integration costs  a s  shown in Table UI a r e  required for 

subsystem integration and one interface. Fo r  multiple module space- 

craf t  the incremental cost of integration between modules i s  shown on 

the s a ry  sheet in Table IV and Exhibit 12A. 

Environmental control systems costs  (ECS) a r e  usually large i n  

manned spacecraft; however, i n  t h e  u m a n n e d  spacecraft analyzed, tAc 



ECS waa P-zrgely ther-al control znd in most cases loa;vres or  ei=pie 

s t rushre ,  In view of this recurring situagion ECS was deleted as  a 

cost category and the items were usually costed a s  structure, 

Sterilization of planetary spacecraft i s  expected to cause a 

major change in assembly and test techniques. Clean rooms and re- 

mote handling procedures a re  anticipated as  minimum requirements, 

This will  result in a large increase in man-hours for assembly and test. 

This increase i s  expected to be applicable only to that portion of 

the spacecraft that must be sterilized. The actual increase in program 

coet is expected to be a direct function of the present man-hour require- 

ment for assembly and test, 

The following formula has been developed to determine the per- 

centage increase in total spacecraft program cost when a portion o r  all 

of the spacecraft is assembled and tested under sterilized conditions. 

where 

S = percentage increase i n  total spacecraft program cost due 

to sterilization 

k = fraction of total spacecraft program cost for personnel, 

i. e., (k + material fraction and subcontract fraction) = 1 

= weight sterilized 

W s = total weight of spacecraft less expendables 

f = factor by which man-hours must be increased to perform 

sterilization 

N = number flight articles sterilized 

The constant 1 /4  i s  the ratio of the assembly and test cost without 

steriliza(ion, to the total spacecraft personnel cost, i. e., assembly and 

t e s t  account for approximately 25 percent of the total spacecraft person- 

well coat, 

The constant 4 i s  the average num'ber of flight articles i n  the pro- 

g r m e  from which this formula was derived. 



Inspection s f  WCI past programs shows that k = 0.43 , s+ld Ex- 

Ebi t  13, based on the above relationship, shows the sensitivity of total 

epacecrrcft program cost to the factor by which assembly and test man- 

houre must be increased due to sterilization. The exhibit also provide. 

this sensitivity for various ratios of the sterilized portion to the total 

spacecraft weight. 

For  example, i f  the weight of the capsule on the Mars Advanced 

Orbiter/Limited Lander that requires sterilization is 0.25 of the total 

spacecraft weight, and if a man-hour factor of 5 i s  selected as  the ex- 

pected increase for sterilization, then the spacecraft program cost will 

be increased by 10 percent. A manpower amplification factor of 5.0 i s  

recommended until current research in this a rea  is completed, 



EXHIBIT 13 - INCREASE: IN THE SPACECRAFT TPC DUE TO STERILIZATION 



Whereas previous sections of this repod were concerned 

with launch vehicle procurement and spacecraft design/development 

and fabrication costs, this section is devoted to costs for mission sup- 

port and space flight operations, 

The cost categories considered here are the following: 

Program Management 

Systems Engineering and Technical Direction (SETD) 

Phases A, B, and C 

Advance Development 

Entry Capsule Sterilization 

Facilities (General) 

Mission Peculiar Equipment (MPE) 

Mission Operations Training (MOT) 

Space Flight Operations * 

Post Flight Analysis 

The cost for program management i s  largely attributable to sal- 
f 

aries and administrative support for the spacecraft system program 

office; whereas the cost of systems engineering and technical direction 

(SETD) i s  attributable to salaries, administrative support, and studies 

to provide initial systems engineering and technical advice to the Space- 

craft System Program Office. 

Phases A, B, and C costs refer to system procurement phases: 

Phase A--Advanced Studies, 

Phase B- -Conceptual Design. 

Phase C- -Project Definition, System Design, and Critical 
Hardware Development, 

Advance Development costs refer to starting development of long 

lead time items, initiating additional research and development i n  new 

or unestablished technologies, such a s  sterilization procedures or entry 

capsule heat shield materials, 

S ter iEzat io~ costs refer Is  the increase in total apacecraA pro- 

gram cost due to increased assembly and test manpower to sterilize the 

entry capsule. Increases in the cost of facibities required by steriliza- 

4a .. tion p r o c e h r e s  are no( considered, 
* 3 < 

* - 
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4. 

The impact of management implementation modes on space- 

craft  costing can be considered by examining the two broad choices 

available: 

a, An in-house laboratory development where only mate- 

rials anda few subsystems a re  purchased and all final assembly and de- 

velopment testing is in-house. The Ranger Block LLI represents an ex- 

ample of this laboratory management mode. 

b. A prime systems contractor i s  assigned responsibility 

for  overall spacecraft design, fabrication, and development testing. The 

Spacecraft Systems Program Office would then perform the functions of 

technical and administrative direction, The Surveyor project is an ex-  

ample of this systems management mode. 

In general, an in-house laboratory mode i s  most desirable when 

the root technology i s  not fully developed and small quantities of space- 

craft and numbers of flights a re  involved. This mode is  also more com- 

patible with small spacecraft (1,000 pounds dry weight). In contrast t o  

lahoratory development, systems management i s  usually considered 

when the project i s  large in resources required and the roqt technology 

i s  well established o r  easily extended in a small advanced development 

phase carried along a s  concurrent development, 

In order to quantify and compare these two management implemea- 

tation modes, Exhibit 1 5  has been prepared, in which the nominal total 

spacecraft program cost i s  based on an in-house laboratory development, 

The nominal total program cost is  based on the following premises: 

a, Laboratory management and development 

b. Professional manpower cost ($30,000 per year) 

c. Nonprofessionalmanpowercost($20,000peryear) 

d. The professional manpower consists of 45 percent of the total 

project manpower. This i s  an average for the entire project since the 

ear l ier  study phases usually have a higher percentage. 

e. Only 40 percent of the entire program cost i s  attributable 

to personnel cost. The balance is used to purchase material and subsystems. 





From Exhibit 15, it  can be seen that the s ~ s t  of the f irst  mode, 

laboratory management, can be adjusted by changing the percentage of 

professionals assigned to the project. In this case,  the effect on the 

total project cost can be determined by proceeding alorig the Line pass-  

ing through the nominal-total-program cost, If the percentage of pro- 

fessionals were to be held at 45, but the nonprofessionals were to be 

paid only $1 5,000 per  year  instead of $20,000, then the effect on the 

total program cost would be determined by proceeding vertically down- 

ward through the nominal-total-program cost. The result would be a 

saving of 4.5 percent, 

If the second mode, systems management, were chosen, it is 

only necessary to know the professional manpower as  a percentage of 

the total, and the annual average personnel labor rate for professional 

and nonprofessional manpower. Exhibit 15 i s  based on an annual labor 

rate of $30,000 for professionals, If this figure were to vary by more  

than $5,000, a new exhibit should be prepared. 

In the foregoing comparison of the two basic management modes, 

it was assumed that the same tooling and special test equipment invest- 

ment would be required in a laboratory development o r  a systems man- 

agement program, 

An inspection of Exhibit 1 5  shows tl.lat under systems management, 

a percentage decrease of 7 percent in total spacecraft program cost can 

be reahzed t f  the professional manpower is  35 percent ( a common rat io 

tn the aerospace industry) of the total manpower, and the annual labor 

rates a r e  $30,000 and $1 5,000 for  professionals and nonprofessionals, 

res2ectively. Obviously these gains can be overshadowed by inefficiency 

Ln program control and unexpected difficulties in technical development 

requiring adchtiond advanced development costs. 

The 7-percent decrease in total spacecraft program cost shown in  

h e  foregotng example i s  parkrally offset by an increase in SETD expense 

in-house. T k s  expense i s  a function of tke number of personnel assigned 

to :has actlmty. Exhibit 1 SA 1s a plot whereby the cost of this manage- 

$ merit a c t i ~ i t y  1s shown as a iianction of the ratio of the number of technical 

rr,-house personnel to the number of technical personnel assigned to the 

project by the systems subcontractor. 





This subsection presents the variations in  spacecraft total 

program cost  (STPC) for various program management alternatives, 

the effect 3r. STPC for parallel development in high r isk  a r ea s ,  and a 

rescheduling of the launch and accelsrhted development in the high r isk  

a reas ,  Tne r ,cmnal  STPC ior the Mars Advanced Orb i t e r /L i .~ l t ed  

Lander mission was used a s  the baseline est imate to  derive the effect 

of the pro2ram management alternattves on STPC. 

a. Nominal STPC 

For  the Mars advanced rniss~on,  the design and de- 

velopment phase was four years;  however, the results  herein can be 

apgtied to cthcr Phase D schedules. Tke nominal program cost a s  de-  

scribed p r ~ ~ i o u s l y  amounted to S8i4.4 rniilion, By an analysis s imilar  

t; tka; ? t r j tn teC ir: PRC Report D-1302, Increases tn STPC were ce-  

: -.l;?e:', fr,r -t=e rnodi ied cases a s  described below, 

5, Parallel  Development 

Due to the launch date constraint and a 24-mcr.th r.at,- 

da t~ t : ;  delay, a form of insurance 1s available by having parallel devel- 

#>?rr=er.: in selective high rlsk areas .  So  attempt was made ir, this st-idy 

to ;xar,:ii:.- r isk,  but rather,  based on engineering judgment. high r isk 

Iterr=s were ct.Dsen to be developed tn parallel. The cost of t h e  Pig:? r:sk 

irsrr.5 W i s  t o  4aled to  account for de-..eloprnent of alternative de s:gns. - 
, r.2 973cecraft hrgk  r:sk iterns chosen were the qudance ar,d c-,r.- 

tr3i and tke t1ectr:cal power (RTG) s ~ b s y s t e m s .  An alternate ectry cap- 

juie *.as cr , r .se t .  to be developed In parallel. Only one capsule +xocit be 

52z:lize2. .%r, alternate throttieable ~ n z i r . e  desigr, was choser, fcr ?at- 

3:ieL &vel;srner,t for the p:s?uLsior. mcdule. The spacec raft susp3rt: 

z 3 3 : s  *Aeri. ;:creased b:: the rat66 3 f  the r,ar,spacec raft su?pr,rJ: s i r%l l z i  

deve1spmer.t cost to t h e  nonspacec rait support n o f i n a l  cost case. The 

paral lel  develo?ment ST PC was 5960.8 million. 

The com;nal case vath r e~ekedu le  o r  ;ssstpsnemene.sf 

the launch at some point was now exan,ined. The worst  point to reschedcle 



PRC R-870 
I 28 

will in general be at that point where the total spending rate i s  the highest, 

With any percentage cutback the rate of spending to maintain the remain- 

ing manpower and material will be a maximum. We have chosen the mid- 

point of Phase D as  the reschedule decision point (worst case). The high- 

es t  program cost with a reschedule of the launch date will occur with no 

cutback of manpower and material. A minimum expected cost would prob- 

ably be something like a cutback of 2 / 3  with a linear buildup to  the nom- 

inal rate a year befare tatinch. One can foresee iittle variation in the 

cost for the last year before launch. The maximum cost with reschedule 

results in a cost of $1,151 million, while the minimum cost is $972.3 mil- 

lion, compared to a nominal cost of $874.4 million. 

d. Accelerated Develooment 

A third case was studied, where initially, the nominal 

program is chosen, and at a particular time (due to unforeseen difficul- 

ties) the program spending is accelerated in the high risk a reas  in order  

to meet the launch date. The high risk area8 chosen were identical to  

the parallel development case. In the case presenting the high risk area,  

spending was t-ipled at the beginning of the second year of Phase D. Both 

the time for accelerated development and the increase in cost were some- 

what arbitrarily chosen; however, it lends insight into the magnification 

of the STPC when rapid development is  required. The accelerated costs 

also include increased space vehicle support costs. The total acceler- 

ated cost was $1,050 million. 

Thus, a CER for program management alternatives, with regard 

to major s ~ h e d u l e / ~ r o g r a m  changes, has beendeveloped. The results 

a re  presented in Exhibit 16, 



EXCLlBIT 16 = P R O G U M  MANAGEMENT ALTERNATIVES 

§chedulc/Program Changes 

(of alternate d s r i p r  in high 
m the s t a r t  of Phase D) 

3, Accelerated Development (crash development of 
r isk  rub-system from 

hhe quar ter  -point of Phase D) 

yo Incrsaee in STPC 

0 

4. Periodic Latrnch Rcacheduled (to next launch oppor- 
b a s e  D) 

A. no cut-back in level of effort 55.0 
B. a two-Mrde funding cut-back with gradual 

build-up reaching nominal opending levels on8 
year  pr ior  to launch 24.0 
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E. Demonstration of the Cost Msdei  

Two examples a r e  used to demonstrate the cost model. The space 

missions chosen are  Mariner IV, an unmanned Mars fly-by in 1964 and 

an unmanned Mars Advanced Orbiter/Limited Lander in 1973-1975. The 

description of the future rnis sion and associated spacecraft was obtained 

from Je t  Propulsion Laboratory personnel and i s  used only to illustrate 

a typical multi-module spacecraft. No preference to t h i s  design candi- 

date is implied o r  denied by i ts  inclusion here. 



1. 

In order  to display the weight distribution of the Mariner IV 

spacecraft to the appropriate cost categories, Table 1A has been pre- 

pared. In general the method of distribution i s  obvious; however, some 

remarks will be made to further clarify the table shown. 

Structure - 
The principal items here a re  the primary octagonal 

structure, solar panels less the solar cells, six electronic assembly 

chassis, science platform structure, actuators, covers, superstruc- 

ture, thermal control louvres and shields. 

Electrical Power 

The electrical power system is a paddle mounted solar 

cell system and the principal weight items a re  solar cells, battery, con- 

version and regulation electronics. 

Stabilization and Control 

The subsystem i s  primarily a cold gas attitude control 

system and the principal weight items a r e  electronics, attitude sensors, 

nitrogen gas, solar pressure-vane control assemblies, and two attitude- 

control gas assemblies. 

Navigation and Guidance 

The guidance system i s  a radio command system sup- 

plemented by the attitude control system and sensors discussed above, 

The principal weight items are command electronics, central computer 

and sequencer ( C C S S )  and other electronics. 

Communications 

Under c a m m u ~ c a t i o n s  the principal weight items are 

R F  transmitter and receiver and aatennas. 

'Throughout Table IA t h e  weight of the cabling has been distributed 

PO the using subsystems. 
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TABLE L4 - D E T R B U  TiON OF hUWP1L'EW IV WEIGHTS TO COST CATEGO 

Experiments or  Stabilization 
%fission Sensors Communications and Control 











Launch Vehicle 

Space Flight Operations 

Post Flight Analysis 

2 3 

Program Years 

TABLE IVA - MARS MISSION 1964 COSTS IN MILLIONS 
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TABLE VIA - DISTRIBUTION OF ADVAKCEB &MISSION WEIGHTS TO COST CATEGORIES, SPACECRAFT CAPSULE (WT* = 3,000 LBS) 



TAB= VIB - BPSl"tl1BG'TLC:i OF AD'".%SCED I\..USSIOX 1VEIGHTS TO COST CATEGORIES, S P A G E C M F T  CAPSULE ( W T .  = 3,000 LBS) 



TABLE VIC - DISTMBUTION OF ADVANCED MISSION WEIGHTS TO COST CATEGOWES, SPACECRAFT CAPSULE (WT. = 3,000 LBS) 

- - 
'" 

MCRDtR No, -b 4 
PRG R -870 

I Totals I -- 1 3,000 . 1 74.6 I 130.8 I 25.4 117.0 1 1,247.6 ( 431.0 L I 1 601 ---- -- I 157.2 I 231.1 
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The laurlch vehicle costs were considered a s  procurement costs 

only with the cost of any development considered to be negligible o r  in- 

herited from ~ t h e r  programs, Solid rockets were not considered. 

The liquid rocket stages considered were LOX/RP- I and LOX/ LHz. 

It is felt that the use of Exhibit LV-1 for  the cost of LOXfRP-1 stages 

will result in an e r r o r  not to exceed i 10 percent; but that the use of the 

cost curve for LOX/LHZ stages will result in an e r r o r  on the low side 

between zero and 44 percent in the region of propellant weights of 

1,000,000 pounds and greater. The reason for this e r r o r  i s  traceable 

to  meager data points and the influence of one particular program. For 

the Saturn V Launch Vehicle cost, the cumulative e r r o r  (on the low side), 

considering all three stages, is estimated not to exceed 18 percent. 

Within the spacecraft subsystem cost categotie:, the e r r o r  in 

Designf Development costs is estimated at  f 4 0  to  45 percent, whereas 

t h ~  f i rs t  unit costs a r e  estimated to be fZ5 to 30 percent. The reason 
4 

for  the greater e r r o r s  in Design/Development costs a r e  largely two- 

fold: (1) meager data in  segregating Design/Development costs; and 

(2) the difficulty in quantifying the impact of inherited development from 

past programs. 

With regard to size of spacecraft to be costed by this method, it 

is felt that the costing e r ro r s  stated a b v e  increase substantially if  the 

total dry weight of the spacecraft i s  less than 150 to 200 pounds o r  more 

than 10,000 to 12,000 pounds. 

Whereas the distribution of costs to Design/Development and first  

unit costs were engineering judgments in some of the past programs 

analyzed, the total program costs a re  estimated to be in e r r o r  by not 

more than * 2 5  percent. 

The costs shown in this report are based on 1965 dollars. For 

fubre years, the costs obtgned from this model should be escalated 

by three percent per year since 1965. 

6, 
f 

Part of the purpose of a cost model is  to establish a framework 

for evduating and displafing data on baatare! spacecrafit prsgrame. A0 



mentioned previously in subseclion II. S, the in;itial cost categories 

chosen a r e  closely related to the quantity of cost data available in these 

categories; however, i t  seems appropriate to make some recommenda- 

tions for future cost accounting at this time, 

As the size of unmanned spacecraft programs grows, it appears 

particularly important to establish new cost categories a s  follows for 

both the launch vehicle and spacecraft. 

o Design 

o Fabricate and Assemble Test Hardware 

o Fabricate and Assemble Flight Hardware 

o Ground Deve1opnr:ent Testing 

o Si)ace Flight Operations 

It is also suggested that; these categories be used within each sub- 

system and related activities where appropriate--for example: 

Tooling and 
Spacecraft Data Special Test  
Subsystem AGE* EQuiprnent* 

Design Yes Yes Yes 

Fabricate and Assemble 
Tes t  Hardware Yes Yes Yes 

Fabricate and Assemble 
Flight Hardware Yes No Yes 

Ground Development 
Testing Yes Yes 

Space Flight Operations No No Yes, for mis- 
sion peculiar 
equipment a t  
SFOF 

* For  Data Manager~lent 

In t G s  way, design casts can ber segregated from ground testing, 

and the level of ground testing and its ialluence on subsequent retjlabil- 

iry ackievernent assessed. 
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Definition of Terms Used i n  $he Cost 

Structure 

The structure consists of the main load carrying members, the 

outer skin, adapters, thermal control louvres and shields, solar panels, 

supporting structure for various instruments, mechanisms, actuators 

for unmanned unpressurized spacecraft. 

The propulsion module s t r u c b ~ r e  i s  principaliy the tank or pres-  

sure vessel for the propellants named. 

The entry vehicle structure is the entire aero-shell structure 

including the heat shield, shingles and supporting structure. 

Propulsion 

The propulsion module engines a r e  liquid rockets and their asso- 

c iated turbo-pumps, valves, thrust vector controls and plumbing. The 

retrorockets a r e  small solid rockets including the case with no thrust 

vector controls. 

Navigation and Guidance 

The navigation and guidance system costs shown apply to inertial 

systems and radio command systems and consist of such items as  the 

central computer and sequencer (CC and S), stellar navigation sensors, 

inertial platforms, accelerometers, and the command system and asso- 

ciated electronics. 

Stabilization and Control 
- --- 

This subsystem consisle largely of the att ibde control systems 

such as moment storage, gravity gradient and cold gas systems 

and include such items agi g a s  atorage tanks, reaction jets, valves, 



servo-valves, gyroscopes, momenrum wheels, s tar  and planet seekers, 

associated electronics and intercommecting cabling. 

Communications 

Communication subsys tems have been divided into two categories, 

tracking, telemetry and command (TT and C) and relay. Tracking, telemetry 

and command has been defined to include the beacons used to aid radar  

tracking, the transmission of all data from primary mission sensors,  

the telemetry of engineering data and the command receivers used to 

control the functions of the spacec raft. Relay communications include 

only those systems or  portions of systems used to receive and re-transmit 

messages originating outside the spacecraft. 

Data Management 

This subsystesn consists of the data encoder, Qta storage and 

related cabling. I 

Solar Cell Electrical Power 

The silicon solar cell has been, and remains, the major source 

of electrical power for spacecraft. The appreciable cost  of assembly 

and interconnection may be reduced by using the larger 2 x 2 cm. cells 

now being offered in addition to the standard I x 2 size. Still greater 

economy may be available when flexible, film ar rays  become available, 

While present systems all use the same photovoltaic mechanism, two 

mounting methods, body mounted and fixed and moveable paddles, are 

used, leadjlrng to different costs. Two separate curves are  provided b r  

De sigra/Developme~~L costs to renec t the diffe reace s between the paddle 

and body rnounted approaches wkile one consolidakd curve has been 

gresen*d for f i rs t  unit coete, 



Solar 6)ynamic Electrical Power 

The principal system presently under development for the dynamic 

conversion of solar energy is the Brayton cycle using an inert gas to 

drive a turbo-generator, The design of a solar concentrator, heat re- 

ceiver and storage unit continues to be a problem. No operational 

space system reference points a re  available for these systems. The 
*b 

Stirling cycle piston engine has shown some promise also. 
. . 

Fuel Cells Electrical Power 

The present state of the a r t  in furl cells i s  defined by the status 

of the three major development programs: 

1. An ion exchange membrane 

2. A modified Bacon cell  

3. A low temperature system using an asbestos matrix 

In all three the fuel i s  hydrogen and oxygen and the by-products 

a r e  water and heat. The exhibits show typical costs for such systems. 

Isotope (RTG) Electrical Power 

Isotope fueled thermoelectric power supplies a re  currently re-  

ceiving most of the development funding for  nuclear power systems. , 

Primarily two fuels a re  being considered, Plutonium 238 (half life 86 

years) for long lifetime misiiions and Polonium 210 (half life 139 days) 

for short missions. Despite i ts  high cost Plutonium 238 i s  considered 

for the longer duration missions. The difference in fuel cost is reflected 

in the exhibit for f irst  unit cost where  two curves a re  shown for the tw 

fuels. 8niy one curve is showm in Lfie Il);esign/Developmernt exhibit since 

bhe development costs are essentially independent of the particular 

isotope fuel used. 



Nuclear Reactor Electrical Power 

The three basic nuclear reactor power conversion systems a r e  

thermoelectric, thermionic and turbogenerator. At the higher power 

levels where all the attention was once concentrated on the turbo generator 

systems, the thermionic systems a re  now being considered. A t  the 

lower power levels the thermoelectric systems are  considered due to 

their apparent longer life and higher reliability due to the absence of 

moving parts. 

Batteries 

The costs shown refer to silver-zinc batteries. , The ~ e s i ~ n /  

Development costs a re  insignificant and a r e  therefore omitted. Since 

these batteries have been produced for some time in large quantities 

current costs reflect production efficiencies and no learning curve con- 

siderations will lower the costs appreciably. 

Descent System 

The descent system refe r s  to parachutes, attachment fitings, and 

containers only. The Design/Developmcnt costs vary considerably with 

the Mach number and altitude of the parachute deploynlent due principally 

to the cost of simulating the test conditions. The first  unit costs a re  not 

sensitive to these test conditions within the ranges of values considered. 

Mission Sensors 

The mission sensors (or exlperiments) considered here refer to 

TV systems, %R systems, IdlV telescopes, magnetsmeters, IR s p c t o -  

meters and oOher instruments to support particular experiments. 
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EXWBIT 16 - PROGRAM MANAGEMENT ALTERNATIVES 

Schedule /Program Changes 

1. Nominal Program 

2, (of alternate designs in high 
m the r t a r t  of Phare D) 

3. (crash development of 
r isk  sub-syotem from 

the quarter  -point of Phaoe D) 

4. Periodic Launch Rescheduled (to next launch oppor- 
se  D) 

A, no cut-back in level of effort 

% Incrcaee in  STPC 

0 

B. a two-thirds funding cut-back with gradual 
build-up reaching nomrnal opending levels one 
year prior  to launch 





PROGRAM 
MODULE 

SPACECRAFT COST 

DESIGN/ PARAha!3ER FIRST NO- I COST OF I NO. COST OF TOTAL 
COST QUANTt FYINO PARAMET Ef? DEV'L'P~ REF OUTPUT UNIT TEST TEST FL\GH? FLIGHT HR08&- 

- T E G O R I E S  OESLRIPTION - PARMETER -- - --- - -- INPUT CER - - COST -- CER DOLLARS/- C O S T  ! ARTICLE6 ABT~cLEs AWTlCLES ART t C L f  S COST -- 
1 - 

Structur8 Weiqht ( I  bs) I A I8 1 I 

I I I 
Qropulsion W t i q h t  (lbs) 1.IA 1.10 
Module - 
Structvre - 
Enfry Weiqht ( t k )  I A 10 
Structure 

Ptop~lsion 1 Ligu id 1 Thrust (lbs) 2A 28 I 
I 

Retro -Propulsion Sol id W c r q k t  (lbs) 

Naviqatlon Wtiqht  (Ibs) 
and 
Guidance 

Stabit izaCion 
and Controt 

Commun iCBIionS Weight (lbr) 

Data Weigh+ (lbs) 
Manaqernent 

\ ( i lowatt~  

* 




